Abstract: P-glycoprotein (P-gp, MDR1) is a membrane transporter expressed in several districts of our body. It exerts a crucial defense role as it effluxes hundreds of potentially toxic substances. Hovewer, P-gp is one of the main causes of the failure in cancer chemotherapy, as a number of chemotherapeutic agents are P-gp substrates. Another interesting implication regards the correlation between P-gp expression impairment and the onset of several central nervous system pathologies such as Alzheimer's and Parkinson's diseases. In view of these considerations, in the present study a new series of P-gp modulators has been designed, synthesized and evaluated for their activity towards P-gp and other two sister proteins (BCRP and MRP1). The compounds, structurally correlated to the potent but non-selective P-gp inhibitor MC70 [4'-(6,7-dimethoxy-3,4-dihydro-1H-isoquinolin-2-ylmethyl)biphenyl-4-ol], proved fairly selective towards P-gp, with a potency in the low micromolar range. Compounds 5a, 5d and 12d proved capable to restore doxorubicin toxicity in resistant cancer cells. Introduction P-glycoprotein (P-gp, also known as MDR1 or ABCB1) is a membrane protein belonging to ATP-binding cassettes (ABC) superfamily; it is a complex molecular machinery able to recognize and efflux hundreds of structurally uncorrelated substances exploiting energy derived by ATP hydrolysis. It has a strategic localization in a number of organs and
Introduction P-glycoprotein (P-gp, also known as MDR1 or ABCB1) is a membrane protein belonging to ATP-binding cassettes (ABC) superfamily; it is a complex molecular machinery able to recognize and efflux hundreds of structurally uncorrelated substances exploiting energy derived by ATP hydrolysis. It has a strategic localization in a number of organs and tissues, thus exerting a crucial defence role against toxic substances, both of endogenous and exogenous origin, and constituting an essential component of several biological barriers. [1] P-gp has raised great attention since several years ago, owing to its involvement in multidrug resistance (MDR), a phenomenon that represents one of the main causes of cancer chemotherapy failure. The transporter is overexpressed in cancer cells and is responsible of the efflux of several chemotherapeutic agents. [2] The wide expression of P-gp on the surface of endothelial cells at the blood-brain barrier makes it a gatekeeper for central nervous system (CNS), as it prevents potentially harmful substances from entering, but also hampers many structurally and functionally uncorrelated drugs, compromising the success of pharmacological treatment of different CNS disorders and tumours. More recently, an interesting connection has emerged between P-gp and the onset of Alzheimer's Disease (AD), Parkinson's Disease (PD), epilepsy and other CNS diseases: an impairment in the expression level of the protein has been observed in the early stages of these neurological disorders. [3, 4] Starting from this background, medicinal chemistry efforts to target P-gp have been undertaken, mainly in the aim of obtaining inhibitors which should be co-administered with chemotherapeutic agents subjected to P-gp mediated efflux, thus restoring therapy efficacy. According to this approach a number of MDR reversal agents have been reported, usually classified in three generations, but most of them suffer of poor in vivo pharmacological profile.
In addition the potential application in the early diagnosis through imaging techniques such as Positron Emission Tomography (PET) of several neurological disorders has been proposed for P-gp ligands, in view of the involvement of the transporter in the onset of these CNS pathologies: in particular radiolabeled substrates are useful to measure in vivo function of the transporter at the blood brain barrier (BBB). [5] In the ongoing effort to obtain selective and potent P-gp ligands, in the present study the authors have carried out several modifications on MC70 (Figure 1 ), a previously studied P-gp inhibitor. [6, 7] MC70
shows a good P-gp inhibiting potency (EC 50 = 0.69 M), on the other hand displaying a non-selective profile towards P-gp. The authors have previously explored structure activity relationships of MC70 derivatives: in particular they focused on functionalization of phenolic group with alkyl and oxyalkyl chains, [8] and with more complex moieties containing variously substituted furazan (1,2,5-oxadiazole) ring. [9] Reported herein is a series of derivatives where the biphenyl moiety was modulated: in particular the aim of the study was to evaluate, in terms of inhibition potency and selectivity on P-gp, the effect of substituents able to modify electronic properties and endowed with hydrogen bond donor or acceptor properties. The compounds have been synthesized through an inexpensive and straightforward route; compared to MC70, potency was slightly decreased, EC 50 values being in the low micromolar range for most compounds, but all the ligands display high selectivity towards P-gp, being essentially inactive against MRP1 and BCRP. Three of them have been further evaluated in co-administration with doxorubicin and proved able to restore intracellular concentration of the anthracycline to different extent. A sensible insight of the binding pose of the most potent compound has been gained through a molecular docking study.
Results and discussion Synthesis of target compounds
The target compounds were synthesized according to the methods reported in Scheme 1 and 2. In brief, the key step is a Suzuki coupling reaction, [10] carried out with palladium on activated charcoal in a ligand free fashion in aqueous environment, starting from the 4-bromobenzylalcohols 1a-f (Scheme 1), or the 4-bromophenols 8a-e (Scheme 2). The substrates were coupled with 4-hydroxyphenylboronic acid or 4-hydroxymethylphenylboronic acid respectively. The coupling products were then reacted with an excess of p-toluensulfonyl chloride in presence of triethylamine, to give the ditosylate derivatives 3a-f (Scheme 1) or 10a-e (Scheme 2). The latter was used without purification to obtain benzylation of 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline. Finally the removal of the phenyl tosylate group was achieved through hydrolysis with NaOH in THF/CH 3 OH mixture. The two benzylic alcohols 1c and 1d were synthesized starting from the corresponding benzoic acids through reduction with BH 3 -THF complex (Scheme 1). 
Biological evaluation
All the new synthesized compounds have been tested to establish their P-gp interacting mechanism as substrate or inhibitor by three assays: 1) the inhibition of the transport of a fluorescent or a pro-fluorescent substrate of the transporter; [11] 2) the determination of the apparent permeability value (P app ); [11] 3) the detection of the ATP cell level depletion; [11] the results are reported in Table 1 . [a] The value is the mean of three independent experiments, sample in duplicate.
[b] Apparent permeability (the value is from two independent experiments).
[c] Not active at 100 M.
The first assay is performed in a cell line overexpressing P-gp (MDCK-MDR1 cells) and it detects the ability of the ligands to compete with the efflux of the pro-fluorescent P-gp substrate Calcein-AM towards P-gp; it is the measure of the potency of each compound towards the target. The second assay evaluates a ratio basolateral-apical vs apicalbasolateral (BA/AB) representative of two contributions, the passive diffusion (BA) and active transport (AB) in a system mimicking BBB, such as Caco2 cells; if this ratio is < 2, the compound can be considered a P-gp inhibitor, otherwise (P app > 2) it behaves as a substrate. The third assay measures the consumption of ATP in MDCK-MDR1 cells. Generally, a substrate, since transported by the pump, induces an ATP consumption while an inhibitor, inhibiting the binding of ATP on its site on P-gp, is not transported and thus it does not induce a decrease in ATP cell level. The selectivity of all compounds towards the sister proteins BCRP and MRP1 has been also tested by the measure of the ability of the compounds to interfere with the transport BCRP-or MRP1-mediated of the fluorescent BCRP substrate Hoechst33342 or the pro-fluorescent MRP1 substrate Calcein-AM.
As depicted in [6] As a whole only slight differences can be observed along the series, but noteworthy methoxy substituent on the benzylic ring of the biphenyl fragment led to the most active compounds (EC 50 = 1.60 M for 5a, EC 50 = 1.51 M for 5d); the presence of nitro substituent on both rings of the biphenyl fragment proved detrimental for P-gp activity: in particular, 5f (EC 50 = 15.2 M) and 12c (EC 50 = 12.7 M) were about 10-fold less active than the best compound of the series (5d, EC 50 = 1.51 M) and about 20-fold than the lead compound MC70 (EC 50 = 0.69 M).
Molecular docking study A structure based study was then carried to furnish fresh insights into the binding mode of the new compounds and to support explication to the EC 50 data. To fulfill this topic our previously published P-gp receptor model [9] served as valuable tool to explain ligand pose of the most active compound (5d). In our past study we have postulated that the "inwardoutward facing" of the P-gp scaffold should facilitate the "pulling out" of substrates as soon as they pass the cell bilayer, while active inhibitors would hamper the P-gp flipping depending on molecular shape and pharmacophoric features of the molecules; in line with this view, molecular docking further supports this evidence.
As it might be perceived from Figure 2 reporting the binding mode of 5d, the ligand scaffold properly fits the binding site space delimited by the two six helicestransmembrane domains (TMDs), and deeply locks into the crevice comprising the intracellular moiety of the same domains, with a kind of "reversed wedge" pose that might be responsible for the hampering of P-gp flipping upon ligand binding. Interestingly the tetrahydroisoquinoline ring is placed close to one of the TMDs, and it occupies a mainly hydrophobic receptor slot, surrounded by Tyr310, Phe336, Phe728 and Phe983 generating extensive favourable contacts and stacking, as well as a stable binding through two water molecules enlacing hydrogen bonding bridges with Tyr310 and Ser979. The rest of the aromatic moiety points to the opposite TMD with the phenolic group making polar contacts with the backbone of Met949 and the methoxy group interacting with Tyr953 throughout a water molecule coordinating a hydrogen bond, and as long as this is concerned, the same methoxy substituent should oblige, to some extent, the biphenyl motif in a non-planar conformation. Indeed, this steric hindrance, in combination with an hydrogen bond formation, might clarify, at least within this series of derivatives, the better EC 50 value of 5d.
Co-administration of doxorubicin with 5a, 5d and 12d Compounds 5a, 5d, and 12d have been evaluated in co-administration with doxorubicin, in order to study their efficacy as doxorubicin-rehabilitating agents in the treatment of resistant tumours ( Figure 3 ). Preliminary data demonstrated that the three compounds were not cytotoxic at 48h and 72h (data not shown) and doxorubicin at 10 M is not able to induce cell death as effluxed by P-gp in the resistant tumours cell model overexpressing P-gp (MDCK-MDR1 cells). When MC70, 5a, 5d, and 12d were co-administred with doxorubicin, they restore its antineoplastic cytotoxicity. In fact, while the lead compound MC70 and 5a, 5d displayed a moderate ability to restore doxorubicin effect (20% of cytotoxicity increase for MC70 and 15% for 5a, 5d), 12d was able to produce an increase a 60% of doxorubicin citotoxicity, demonstrating its ability to almost completely rehabilitate the access of the antineoplastic drug in tumour cells. 
Immunoblotting experiments on MC70, 5a, 5d and 12d
The same compounds (MC70, 5a, 5d and 12d) which were evaluated in co-administration with doxorubicin were further studied in immunoblotting experiments to verify a possible interference with P-gp expression, in the same experimental condition of cell viability tests.
As it can be seen in Figure 4 , no differences in P-gp expression were observed in treated cells compared to the control, thus supporting the hypothesis of a direct effect of the compounds on the transporter. 
Conclusion
A new series of P-gp modulators has been developed through the "decoration" of the biphenyl moiety of MC70 with substituents endowed with different electronic and hydrogen bond donor/acceptor properties. The compounds were synthesized exploiting a straightforward and inexpensive route. They displayed slightly lower potency than the parent compound but proved highly selective, thus representing suitable candidates to be used in imaging techniques for measurement of P-gp function at BBB. A molecular docking simulation carried out for the most potent compound (5d, EC 50 = 1.51 M) highlighted an additional anchoring for the biphenyl moiety through the methoxy substituent, which engages a hydrogen bond mediated by a water molecule. Besides the biochemical characterization aimed to clarify the mechanism of interaction of the ligands with P-gp, the most potent compounds (5a, 5d, and 12d) and MC70 were evaluated in a co-administration assay with doxorubicin, and proved efficient to restore drug toxicity against doxorubicin resistant MDCK-MDR1 cells. A possible effect on P-gp expression was ruled out by performing immunoblotting experiment on the same selected compounds. The present study thus represents an additional investigation of a previously started structure activity relationship study on tetrahydroisoquinoline derivatives, and furnishes additional information about the mode of binding of this class of compounds which can be useful for future development of potent P-gp modulators. Moreover, compound 12d displayed a better profile than the lead compound MC70, as co-administrating agent to restore the antineoplastic therapy in resistant tumours.
New tetrahydroisoquinoline based P-glycoprotein modulators:
decoration of the biphenyl core gives selective ligands. [1] and 1e [2] were prepared according to reported procedure.
Supporting Information
General procedure for the synthesis of 2a-f. The appropriate benzyl alcohol, 4-hydroxybenzeneboronic acid (1.5 eq), potassium hydroxide (4 eq) and 10% dispersion of palladium on charcoal (0.02 eq) were added to 15 mL of water in a sealed vessel. The mixture was stirred at 130 °C for 3 hours, then cooled to room temperature, acidified to pH 3 with 6M HCl and extracted with ethyl acetate. The organic phase was washed with brine, dried and evaporated under reduced pressure. The crude product was purified through flash chromatography on silica gel. General procedure for the synthesis of 1c, f. The appropriate benzoic acid was dissolved in anhydrous tetrahydrofuran under nitrogen atmosphere in an ice -water bath.
4'-(Hydroxymethyl)-3'-methoxybiphenyl-4-ol (2a

4'-(Hydroxymethyl)-2'-nitrobiphenyl-4-ol (2f
Borane -tetrahydrofuran complex (1M, 3 eq) was added dropwise over a period of 1 hour. General procedure for the synthesis of 9a-e. The appropriate phenol, 4-hydroxymethylbenzeneboronic acid (1.5 eq), potassium hydroxide (4 eq) and 10% dispersion of palladium on charcoal (0.02 eq) were added to 15 mL of water in a sealed vessel. The mixture was stirred at 130 °C for 3 hours, then cooled to room temperature, acidified to pH 3 with 6M HCl and extracted with ethyl acetate. The organic phase was washed with brine, dried and evaporated under reduced pressure. The crude product was reacted as such or purified through flash chromatography on silica gel. Hoechst 33342 experiment. These experiments were carried out as described by
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Capparelli et al. [3] with modifications. Each cell line (30,000 cells per well) was seeded into black CulturePlate 96/wells plate with 100 μl medium and allowed to become confluent overnight. 100 μl of test compounds were solubilized in culture medium and added to ATPlite assay. The MDCK-MDR1 cells were seeded into 96-well microplate in 100 l of complete medium at a density 2x10 4 cells/well. [3] The plate was incubated overnight (O/N) in a humidified atmosphere 5% CO 2 at 37 °C. The medium was removed and 100 l of complete medium either alone or containing different concentrations of test compounds was added. The plate was incubated for 2h in a humidified 5% CO 2 atmosphere at 37 °C.
50 l of mammalian cell lysis solution was added to all wells and the plate shaked for five minutes in an orbital shaker. 50 l of substrate solution was added to all wells and the plate shaked for five mitutes in an orbital shaker. The plate was dark adapted for ten minutes and the luminescence was measured.
Permeability Experiments.
Preparation of Caco-2 monolayer. Caco-2 cells were seeded onto a Millicell ® assay system (Millipore), where a cell monolayer is set in between a filter cell and a receiver plate, at a density of 10,000 cells/well. [4] The culture medium was replaced every 48 h and the cells kept for 21 days in culture. The Trans Epithelial Electrical Resistance (TEER) of the monolayers was measured daily, before and after the experiment, using an epithelial voltohmmeter (Millicell ® -ERS). Generally, TEER values greater than 1000  for a 21 day culture, are considered optimal.
Drug transport experiment. After 21 days of Caco-2 cell growth, the medium was removed from filter wells and from the receiver plate, which were filled with fresh HBSS buffer (Invitrogen). This procedure was repeated twice, and the plates were incubated at 37 °C for 30 min. After incubation time, the HBSS buffer was removed and drug solutions and reference compounds, were added to the filter well at the concentration of 100M, while fresh HBSS was added to the receiver plate. The plates were incubated at 37 °C for 120 min. Afterwards, samples were removed from the apical (filter well) and basolateral (receiver plate) side of the monolayer to measure the permeability.
The apparent permeability (P app ), in units of nm/second, was calculated using the following equation:
V A = the volume (in mL) in the acceptor well; Area = the surface area of the membrane (0.11 cm 2 of the well); time = the total transport time in seconds (7200 sec);
[drug] acceptor = the concentration of the drug measured by U.V. spectroscopy;
[drug] initial = the initial drug concentration (1 x 10 -4 M) in the apical or basolateral wells.
Antiproliferative assay. Determination of cell growth was performed using the MTT assay at 48 h and 72 h. [5] On day 1, 10000 cells/well were seeded into 96-well plates in a volume of 100 L. On day 2, the drugs concentration (0.1, 1, 10, 25 M) were added. In all the experiments, the various drug-solvents (ethanol, DMSO) were added in each control to evaluate a possible solvent cytotoxicity. After the established incubation time with drugs, MTT (0.5 mg/mL) was added to each well, and after 3 h incubation at 37°C, the supernatant was removed. The formazan crystals were solubilized using 100 L of DMSO and the absorbance values at 570 and 630 nm were determined on the microplate reader Victor 3 from PerkinElmer Life Sciences.
Co-administration Assay. The co-administration assay with doxorubicin was performed in MDCK-MDR1 cells at 48h as reported with minor modification. [6] On day 1, 10000 cells/well were seeded into 96-well plates in a volume of 100 μL of fresh medium. On day 2, 10 μM tested drugs were added alone to the cells. On day 3, the medium was removed and the drugs at the same concentration were added alone and in co-administration with 10 M doxorubicin to the cells. After the established incubation time with drugs, MTT (0.5 mg/mL) was added to each well, and after 3-4 h incubation at 37 °C, the supernatant was removed. The formazan crystals were solubilized using 100 μL of DMSO/EtOH (1:1), and the absorbance values at 570 and 630 nm were determined on the microplate reader Victor 3 from PerkinElmer Life Sciences.
Immunoblotting. Cells were rinsed with ice-cold lysis buffer (50 mM, Tris, 10 mM EDTA, 1% v/v Triton-X100), supplemented with the protease inhibitor cocktail set III (80 μM aprotinin, 5 mM bestatin, 1.5 mM leupeptin, 1 mM pepstatin; Calbiochem, San Diego, CA), 2 mM phenylmethylsulfonyl fluoride and 1 mM Na 3 VO 4 , then sonicated and centrifugated at 13,000 x g for 10 min at 4 o C. 25 μg protein extracts were subjected to SDS-PAGE and probed with anti-Pgp (Calbiochem) or anti-β-actin (Sigma Chemicals Co., Saint Louis, MO), followed by a peroxidase-conjugated secondary antibody (Bio-Rad Laboratories, Hercules, CA). The membranes were washed with Tris-buffered saline-Tween 0.1% v/v solution, and the proteins were detected by enhanced chemiluminescence (Bio-Rad Laboratories).
Section 3. Molecular modelling.
Ligand molecular scaffold in ionized form, with standard bond lengths and valence angles, was built with Maestro software package [7] and charge calculated with the AM1BCC method using the molcharge suite of QUACPAC. [8] The puckering of the tetrahydroisoquinoline ring was not altered, according to the X-ray of MC70 as previously reported. [9] Docking was carried out using as receptor model the MDR1 structure as reported. [10] Differently to the previous study in this instance protein charges were assigned according to the AMBER FF14SB force field within CHIMERA 1.11, [11] affinity maps were calculated on a 90×65×65 rectangular box, 0.375 Å spaced, centered on the intracellular crevice of the two TMDs, taking into account water contribution according to the hydration force field of AutoDock 4.2. [12] A total of 250 Lamarckian Genetic Algorithm (LGA) runs were carried out, the population size and the number of energy evaluations were set to 150 and 5 million respectively, and the initial coordinates for the center of the ligand (tran0), ligand rigid-body orientation (quat0) and relative dihedral angles (dihe0) to random values. All poses were then clustered to RMSD = 2.0, and ranked according to the relative Free Energy of Binding (FEB). The best FEB pose was selected as representative of 5d binding mode.
